Investigations into early muscle development have focused primarily on somite derived cells. Cranial mesoderm does not undergo somitogenesis, and muscle formation in this region is less well understood. In the present study, we have focused upon the expression of engrailed in mandibular arch myoblasts. We demonstrate that En-2 is expressed in mandibular arch myoblasts of the mouse. The activity of the En-2 enhancer is maintained in several functionally related muscles that arise from the first arch. Through the use of reporter transgenics, we demonstrate that local cell-cell interactions are important in maintaining En-2 expression in the mandibular arch cells. En-2 enhancer activity in the first arch requires a combination of cis-acting sequences that includes a motif which is identical to one found in the Otx2 enhancer and which is sufficient to direct expression in the first arch. These data support the notion that cranial muscle development is regulated by local cellcell interactions which distinguish distinct anatomical and functional muscle groups. q
Introduction
The developmental events surrounding the induction of the myogenic population in the axial somites have been characterized at the cellular and molecular level (Tajbakhsh and Sporle, 1998) . The majority of muscles of the head and neck do not arise from somites, and at present the development of these muscles is less well understood. The expression of engrailed genes in the first arch of several vertebrate species has been described (Davis et al., 1991; Gardner and Barald, 1992; Hatta et al., 1990; Hemmati-Brivanlou et al., 1991) . In zebrafish, muscular derivatives of the first arch continue to express engrailed (Ekker et al., 1992; Hatta et al., 1990) . Molecular tools available in the mouse make it possible to explore engrailed gene expression and regulation in a way that provides clues to understanding early morphogenetic events of cranial muscle formation and the cellular and molecular cues that guide gene expression in a specific anatomical group of muscles of shared embryological origin.
In the mouse, two engrailed genes, termed En-1 and En-2, have been identified (Joyner et al., 1985; Joyner and Martin, 1987) . Their expression patterns during development have subsequently been examined by in situ hybridization (Davidson et al., 1988; . At the time of neural tube closure, both genes are expressed in the neuroepithelium spanning the midbrain-hindbrain junction which gives rise to the cerebellum. Later in development, En-1 and En-2 continue to be coexpressed in the motor nuclei of the pons and in the cells of the substantia nigra. En-1, but not En-2, is detected in specific domains of the spinal cord, in a layer of the dermamyotomal cells in the somite, and in the ventral ectoderm of the limb buds. Conversely, En-2 and not En-1 is detected in the region around the developing pituitary and in the granule layer of the fully formed cerebellum. An antibody (a-Enhb), which detects both En-1 and En-2, also reveals engrailed proteins in the presumptive myoblasts of the first arch (Davis et al., 1991) . An enhancer of En-2 has been identified that directs reporter gene expression in the midbrain-hindbrain junction and presumptive myoblasts of the first arch indicating that En-2 but not En-1 is expressed in the mandibular arch (Logan et al., 1993) . In situ analysis of En-1 and En-2 transcripts in the mouse embryo fail to show any En-1 transcripts in the first arch (data not shown) suggesting that only En-2 is expressed in this region.
Regulation of engrailed expression has been examined under a variety of experimental conditions. As markers of anterior neural epithelium, others have exploited the Xenopus and chick systems to investigate the processes of neural induction and specification in the developing central nervous system Doniach, 1992; Doniach et al., 1992; Garcia-Martinez et al., 1997; Hemmati-Brivanlou et al., 1990; Kuo et al., 1998; Storey et al., 1992 ). An analysis of the murine cis-acting regulatory elements governing En-2 expression identified a ,2.5 kb fragment of genomic DNA which functions to direct reporter gene expression in transgenic mice in the midbrain-hindbrain junction as well as cells in the first arch (Logan et al., 1993) . The expression in the midbrain-hindbrain could be further delimited to a ,1.5 kb portion of the enhancer and a ,1 kb portion that directs expression to the presumptive myoblasts of the first arch (Logan et al., 1993) . Transgenic mice carrying the entire En-2 enhancer and endogenous promoter have been used to assess the capacity of mesoderm to induce the neural expression (Ang and Rossant, 1993; Klingensmith et al., 1999) . These results show that specific regulatory elements recapitulate endogenous En-2 expression. The role of En-2 in the first arch is unclear as assessed from loss-of-function analysis, however, expression in the masseter and temporalis may contribute to muscle fiber type specification (Degenhardt and Sassoon, 2001 ).
To date, there are very few examples of muscle gene expression that is confined to a specific set of functionally related muscles, thus we have performed a detailed analysis of the expression of En-2 in the first arch and its regulation during development. We show that the expression previously observed in the mandibular arch is due to En-2. Detailed spaciotemporal expression in the first (mandibular) arch, as represented by transgenic mice carrying a reporter construct, is described. We find that in addition to myoblasts of the first arch, expression of the reporter gene is maintained in a subset of functionally related muscles that arise from the first arch. This observation raises the possibility that En-2 expression is clonally transmitted. To explore this issue, we used explant cultures and find that expression is not cell autonomous. We show that the regulation of En-2 in the arch does not require innervation or distal cues from the embryonic environment, but is dependent on local cell-cell interactions. Further enhancer analysis shows that a 300 bp fragment is necessary, but not sufficient for En-2 expression in the first arch, and this fragment contains a motif also found in the Otx2 enhancer.
Results

En-2 is expressed in a limited subset of first arch cells
Whole-mount immunohistochemistry using the a-Enhb antibody detects both En-1 and En-2 protein. By this technique, engrailed protein is found in the midbrain-hindbrain junction and in the mandibular portion of the first arch (see Fig. 1A and Davis et al., 1991) , as well as the anterior and posterior portion of the myotomal compartment (not shown). In contrast, whole-mount in situ hybridization using a probe specific for En-2 reveals expression in only the midbrain-hindbrain junction and mandibular arch (see Fig. 1B ). The regulatory elements responsible for this expression pattern have been identified through the use of reporter transgenics (Logan et al., 1993) . A stable transgenic mouse line exhibits b-galactosidase activity in a pattern that recapitulates the endogenous En-2 expression in the mandibular arch (see Fig. 1C ).
Expression of the transgene reporter under the control of En-2 regulatory elements
The reporter gene expression was examined in transgenic mice in order to characterize En-2 enhancer activity in branchial arch development. Mandibular arch staining is first detected between 8.25 and 9.0 d.p.c. (see Fig. 2A,B) . The staining is limited to a central core of cells within the arch (see Fig. 2C , D and Logan et al., 1993) . In the adult mouse, expression persists in specific muscles derived from the mandibular arch. Superficially, the masseter and temporalis muscles stain strongly in skinned specimens, however, staining is not detected in the anterior digastric (see Fig. 2E,F) . Upon dissection we find that the medial and lateral pterygoids are also positive, but neither the tensor tympani nor the tensor veli palatini muscles stain (data not shown). Thus, En-2 regulatory elements drive expression in specific muscles derived from the mandibular arch that function in jaw-closing.
Maintenance of transgene expression is dependent on cell-cell interactions
The En-2 reporter transgenic line was utilized to determine local cellular interactions that influence expression in myocytes ( Fig. 3 and Table 1 ). Isolated and cultured mandibular arches from 10.5 to 11.5 d.p.c. embryos maintain lacZ expression for up to 6 days in culture (Fig. 3A) . Conversely, dissociated arch cells allowed to grow as a monolayer exhibit no b-galactosidase activity by 16 h in culture. b-Galactosidase positive cells are initially present and appear to adhere normally (Fig. 3B) . Similarly, adult myoblasts derived from the masseter muscle fail to express b-galactosidase (data not shown). Cells obtained from both the mandibular arch and the masseter muscle differentiated into myotubes in culture indicating that myogenic cells are present. We conclude that proper regulation of En-2 in myogenic cells is dependent upon local cell-cell interactions. Furthermore, experiments in which cells were dispersed and then reaggregated revealed no staining for b-galactosidase (data not shown). Thus the native cellular positions appear to be critical for the maintenance of expression. One interaction shown to be important for development of the first arch is the communication between the epithelium and the neural crest derived underlying mesenchyme (Lumsden, 1988) . To address this possibility, explanted arches underwent gentle trypsonization followed by pipetting in order to remove the epithelium. The remaining intact masses of mesenchymal cells were cultured without further dissociation into single cells (Fig. 3C) . After 2 days, strong b-galactosidase activity is clearly detectable (Fig. 3D) . By 6 days in culture, weak but detectable signal remains, despite apparent deterioration of the cell mass in the absence of an epithelium (Fig. 3E) . Therefore, mandibular arch epithelium is not essential for the maintenance of En-2 expression, although mesenchymal-epithelium interactions may be involved in the initial gene activation.
MC9 in 'transient' transgenics
The cis-acting elements which direct the expression of En-2 in the mid/hindbrain region and mandibular myoblasts have been identified (Logan et al., 1993) . A ,2.5 kb enhancer has been identified 5 0 to the En-2 coding region which is capable of directing expression to the mid/hindbrain region and mandibular myoblasts of transgenic mice. We verified the efficacy of this transgene by founder analysis. Both regions of the embryo expressed the lacZ reporter at 10.5 d.p.c. in six out of nine transgenic embryos. This enhancer is able to be subdivided into two regions independently able to direct expression to either the mid/hindbrain region or the mandibular arch (Logan et al., 1993) . In order to better understand the regulation of En-2 in the mandibular arch, we constructed deletions of the 'first arch' enhancer and assessed the activity of the reporter gene in founder transgenic (see 
Homology between mouse and human En-2 genomic sequence
A region of the human En-2 genomic locus with putative regulatory elements has been identified (Song et al., 1996) . Sequence from this locus shows a high degree of homology with the mouse En-2 'arch' enhancer (see Fig. 6 ). With the optimal alignment (Mac Vector Clustal analysis), the central region, found to be crucial for arch expression, shows the highest percentage of conserved basepairs. Other notable features apparent in the alignment include the presence of Ebox motifs and NFAT sequences in both human and mouse sequences, and the absence of Mef2 binding sites. In addition, a sequence from the puffer fish OTX 2 enhancer necessary for first arch expression, the b-motif (Chin et al., 1998) , is also present in both. Although Ebox motifs appear in the expected number for DNA fragments this size, NFAT and b-motif sequences would be less probable in a 1 kb fragment having an expected random frequency of once every 2000 and 8000 bases, respectively (see Table 2 ).
Discussion
We have examined the expression of the homeobox gene En-2 in the developing mandibular arch of the mouse by RNA in situ analysis, immunohistochemistry, and reporter analysis in transgenics. The expression pattern of En-2 is consistent with a model in which myogenic cells arise in paraxial mesoderm. A subset of the muscular derivatives of these cells maintains reporter gene expression. The activity of En-2 enhancer in the early mandibular arch is dependent upon local cellular interactions. Surprisingly, neither innervation nor epithelial-mesenchymal interaction seems to be directly necessary for maintenance of expression. At a molecular level, we have identified sequences that are critical for first arch expression.
Engrailed positive cells in the mandibular arch, as observed by immunohistochemistry, were originally postulated to be of neural crest origin (Davis et al., 1991) . Subsequent studies have shown that this is not the case. In the chick, engrailed antibody reactivity does not colocalize with that of HNK-1, a neural crest (Gardner and Barald, 1992) . In zebrafish, engrailed expression has been observed in first arch presumptive myoblasts, and continued expression is seen in two specific muscles that arise from the first arch (Hatta et al., 1990) . As muscle has been shown to be a derivative of paraxial mesoderm in the head (Noden, 1988) , it can be concluded that engrailed is a marker of a subset of paraxial mesoderm. We observe engrailed protein expression in a core of cells in the first arch. This location is consistent with the known migration of paraxial mesoderm (Trainor et al., 1994) . We also observe reporter gene expression in cells proximal to the mandibular arch. This suggests that the initiation of En-2 expression occurs during, or just prior to, migration of the paraxial mesoderm into the first arch. While our results stem from experiments designed to test the cellular clues responsible for the maintenance of En-2 expression in the first arch, they do not address the important issue of how expression is initiated which may result from nerve outgrowth into the developing arch similar to that reported for the early limb bud (Cameron and McCredie, 1982) . Results using inducible Cre-En2 mice are consistent with the observations that En-2 expression remains restricted to precursors which give rise uniquely to the muscles of the first arch (M. Zervas and A. Joyner, personal communication) .
Two engrailed genes have been identified in mouse, En-1 and En-2 (Joyner et al., 1985; Joyner and Martin, 1987) . The engrailed protein expression observed in the first arch has been attributed to that of En-2 by deductive reasoning. In other species, homologues more closely related to En-2 are expressed specifically in the mandibular arch (Ekker et al., 1992; Gardner et al., 1988) , while expression of genes most closely related to En-1 is not observed in this site (Ekker et al., 1992) . The activity of the genomic regulatory elements associated with En-2 in the mandibular arch also strongly supports the contention that En-2 is expressed there (Logan et al., 1993) . To date, no direct evidence of this has been published. We have confirmed this by use of RNA in situ hybridization analysis using a specific probe for En-2. In addition, we have analyzed mice heterozygous for the replacement of the En-1 gene by lacZ coding sequences. In these mice, lacZ is under the control of endogenous elements that regulate the En-1 gene, and therefore reporter gene expression accurately reflects native gene expression. No reporter gene expression was observed in the mandibular arch (data not shown). We conclude that, similar to other species analyzed, engrailed expression in the first arch of the mouse embryo is due solely to En-2.
Analogous to observations in the zebrafish (Ekker et al., 1992; Hatta et al., 1990) , we see that En-2 reporter expression is maintained in a subset of arch muscles. In zebrafish, two functionally related muscles, the levator arcus palatini, and the dilator operculi show continued expression of engrailed proteins. In mice, we observe reporter gene expression in the masseter, temporalis, lateral and medial pterygoid muscles, which are also functionally related. In contrast to the zebrafish, where the levator arcus palatini and dilator operculi function to open and enlarge the mouth, the engrailed expressing muscles of the mouse function as jaw-closers. In both cases, the muscles are innervated by the fifth cranial nerve. We note that muscles which are innervated by the fifth cranial nerve but do not function in jawclosing, such as the anterior digastric and tensor tympani, do not show reporter gene expression.
The local cellular influences on the regulation of En-2 were investigated using isolated explants of the mandibular arch from transgenic mice. We find that expression is maintained in culture for several days when the isolated arch is left otherwise intact. In contrast, dissociated cells have no observable reporter gene expression after 16 h. While these data would suggest that cell-cell contact is important, we note that expression is still lost in dispersed cells that are reaggregated. We conclude that locally expressed signals are necessary for the maintenance of En-2 expression and that the native positional orientiation of the cells in the arch is citrical for proper and maintained expression. One possible source of such signals is the epithelium. In isolated explants of the mandibular arch in the absence of epithelium, expression of Lhx6 and Gsc, two marker of the mesenchyme, is lost within 3 h (Tucker et al., 1999) . Our observations show that significant expression of En-2 reporter gene is still present after 2 days in culture with no epithelium. Explants that are cultured longer have decreased signal, and overall seem less healthy in that they are smaller in size and have jagged edges. As mentioned above, a single nerve supplies the muscles that express the En-2 reporter. This allows for the possibility that innervation provides the signal for expression. We find this not to be the case, as whole arch explants, which are effectively denervated, maintain strong reporter expression. The possibility remains that the outgrowing fifth cranial nerve may be involved in initiation, but not maintenance, of En-2 expression in the embryo.
The intriguing expression pattern of En-2 prompted us to further investigate regulation at the molecular level. Sequences critical for the proper regulation of En-2 expression in the mandibular arch of the mouse are highly conserved in the human genome. The percentage of sequence identity increases toward the center of the enhancer. This region has been found to be indispensable for the proper activity of the enhancer, although either flanking sequence can combine with the center region to direct first arch expression. Several Ebox (CANNTG) sites are noted in both human and mouse sequences, one in particular is conserved between them. Notably absent from both sequences is the recognized binding site for MEF2. This fits well with our understanding of the function of these factors (Olson et al., respectively, of an X-gal stained adult head with the skin removed. Note that the temporalis and masseter muscles stain strongly, while the anterior belly of the digastic muscle (also arising from the first arch) does not. 
Many myotubes a Mandibular arches were removed from transgenic embryos and cultured either as whole arches ('intact'), with the ectoderm removed, or as dissociated cells. Masseter myoblasts were also cultured from adult transgenic animals. The table shows relative strength of b-galactosidase activity at different time points in culture (strong 111, weak 1, not detected (n/d) -compare to Fig. 3) . Each sample consists of at least three sets of cultures which were derived from and/or contained at least five arches. 1995). The presence of a MEF2 binding site in proximity to multiple Eboxes would be predicted to direct expression to all muscle, as opposed to the restricted muscle expression that is observed. In the mouse sequence, Ebox sites exist in both the 5 0 and 3 0 portions of the enhancer, but not in the middle third. We speculate that Ebox binding sites may be a necessary part of the combinatorial code that directs mandibular arch expression, working in conjunction with elements in the middle third. A recent examination of the regulation of Otx2 has identified regulatory sequences that direct expression of a reporter gene in the first arch of transgenic mice (Kimura et al., 1997) . In particular, expression is observed in a subset of cells located in the core of the first arch that appears to be the same as those that express En-2 (see Kimura et al., 1997; Fig. 2) . Although described as neural crest cells, histological evidence presented in the report (see Kimura et al., 1997 ; Fig. 4) , as well as expression patterns in whole-mount stained embryos (see (Kimura et al., 1997; Figs. 2, 7 and 9) suggest that reporter gene expression is actually in paraxial mesoderm. The investigators identified several motifs that are conserved between mouse and Fugu regulatory sequences. A 49 bp fragment of mouse genomic sequence contains several of these motifs. When three tandem repeats of the 49-mer were tested in combination with an otherwise inactive 2.4 kb fugu Otx promoter, first arch expression is observed. Mutations in several motifs within the 49-mer do not alter first arch expression when tested with the same promoter. Mutation of one motif, called the b-motif, abolished expression (Kimura et al., 1997) . We note the presence of a b-motif in the central portion of the mouse En-2 first arch enhancer. The same motif is also in the human sequence, but in a different location and orientation relative to the rest of the aligned sequence. As the predicted frequency for such a 7 bp sequence is ,1/16,000 bp, at random, it would be highly unlikely for it to occur by chance in both the mouse and human sequences. Taken together with the observation that the b-motif is within the region of the En-2 enhancer that is indispensable for first arch expression, we propose that this motif is critical for expression in the paraxial mesoderm of the first arch.
Our results show that the central region of the mouse En-2 jaw muscle enhancer is not sufficient for expression, even though it contains a b-motif. Two possible explanations exist for this observation. Either the motif must be in multiple copies, as with the tandemly repeated Otx2 49-mer, Fig. 4 . Schematic diagram of transgene constructs showing the relationship between the enhancer deletions used for transgenic analysis. The En-2 genomic locus (top) shows the relative positions of the midbrain/hindbrain (1.5 kb) and mandibular arch (1.0 kb) enhancers as identified by Logan et al. (1993) . The arch enhancer is subdivided approximately into thirds. Three deletion mutants, DStuI, DStyI, and DB-K have the 5 0 , central, and 3 0 thirds of the enhancer deleted, respectively. A fourth construct was also generated that contains only the central portion of the enhancer, designated StyI. described above, or the b-motif functions in combination with other cis-acting elements. As only a single b-motif is present in the En-2 jaw muscle enhancer, as in one of the pufferfish Otx2 reporter constructs, it is unlikely that the bmotif is only functional when in multiple copies. Rather, we
propose that the b-motif is part of a combination of cis-acting elements that may also include Ebox sites. Sequence data for the 2.4 kb promoter used in combination with the b-motif as described above is not available, however, as the expected frequency for these sites is 1/256, it is likely that they would proper staining in at least some of the embryos (DStuI and DB-K). Representative X-gal stained transgenic embryos from each construct. Injected embryos were harvested 10 days after reimplantation (,10.5 d.p.c.), and stained for b-galactosidase activity. One example from each construct is shown. Each construct gave expression patterns that varied from individual to individual, most likely due to integration site effects. Embryos were judged to have proper expression based solely on the presence of a core of stained cells within the first arch (red arrows), without regard for ectopic sites of expression. We note that the dorsal staining is a common site of ectopic expression seen in many studies, however, it is not a consistent outcome of these constructs. Panels show representative stainings for constructs as labeled.
be present. Further studies using transgenic analysis are necessary to fully elucidate all of the cis-acting elements involved in first arch myoblast expression. Because of the sequence similarity between the b-motif and reported binding sites for engrailed proteins, it has been proposed that engrailed proteins are potential regulators of first arch expression (Kimura et al., 1997) . In light of our observation that En-2 reporter expression is unaffected by En-2 mutation in adult muscles (data not shown), and the observation that embryonic expression is also unaffected in En-2 mutants (Logan et al., 1993) , it seems unlikely that En-2 plays this role. Furthermore, since only two engrailed genes are known to exist in mice , and En-1 expression is not observed in the first Fig. 6 . Alignment of the mouse En-2 first arch enhancer with human genomic sequence. The ,1 kb En-2 enhancer shown to direct expression to the first arch in transgenic mice is aligned to sequence from the human En-2 genomic locus (MacVector clustal alignment). The central portion, highlighted in green, has a high percentage of conserved bases (*). This central StyI fragment is critical for enhancer activity. Several potential binding sites are indicated: Ebox, yellow ovals; b-motif, blue pointed flags; and NFAT sequences, underlined in red.
arch , and our observations of En-1 lacZ knock in), engrailed proteins probably do not regulate expression through the b-motif in the first arch.
The data presented here are consistent with previous experiments showing that a specific sequence in cis-regulatory elements (the 'b-motif') is critical for expression in the first arch. We find that it is specific to paraxial mesoderm rather than neural crest derived cells, as has been proposed. This sequence does not seem capable of acting alone, but rather it needs other elements. Ebox sequences, which are specifically targeted by bHLH proteins, seem likely candidates, although further studies are necessary to prove this. We also note the presence of NFAT sequences in the mouse En-2 enhancer. Although the relevance of these sites in the developing first arch is not clear, their role in adult muscle has been described (Chin et al., 1998) . As En-2 is expressed in adult jaw muscles, a fiber type specific role for this transcription factor is possible. Indeed, we have recently demonstrated that over-expression of En-2 under the control of a muscle-specific regulatory element can alter myofiber size and metabolic properties in ectopic muscle groups (Degenhardt and Sassoon, 2001) .
The presence of engrailed proteins has been observed in the mandibular arch of all vertebrates analyzed thus far (excluding jawless fish) (Davis et al., 1991; Gardner and Barald, 1992; Hatta et al., 1990; Hemmati-Brivanlou et al., 1991) . We find that the expression pattern in the arch is consistent with cranial mesoderm. The continued expression in a subset of functionally related muscles is consistent with that observed in the zebrafish, and with a proposed role for En-2 in determining physiologic properties in this muscle group (Degenhardt and Sassoon, 2001 ).
Materials and methods
Mice
For whole-mount in situ hybridization analysis, CD-1 mice were used (Charles River). Embryos were isolated following timed breedings with the morning of the vaginal plug counted as 0.5 days post-coitum (d.p.c.) . Generation of the En-2 reporter (Tg5) transgenic line has been described previously (Logan et al., 1993) , and were maintained on a CD-1 background.
Immunohistochemistry
The generation of the a-Enhb antibody has been described previously (Davis et al., 1991) . Briefly, a fusion protein of bacterial TrpE and the c-terminal 117 amino acid of En-2 (which includes the homeodomain) was purified, and antisera against this protein was raised in rabbits. Whole-mount immunohistochemistry was performed as described (Davis et al., 1991) . Embryos were isolated in cold phosphate buffered saline (PBS) and fixed overnight in methanol:dimethyl sulfoxide (DMSO) (4:1 by volume) at 48C. Embryos were bleached in fix containing 5% H 2 O 2 for 4-5 h at room temperature and stored at 2208C in 100% methanol. They were then hydrated through a methanol series into PBS and washed in PBSMT (0.5% Triton Xl00 and 2% skim milk powder in PBS). Embryos were then incubated over night in primary antibody diluted antisera diluted 1:200 in PBSMT at 48C and were then washed five times in PBSMT for 1 h each time followed by an overnight incubation with goat anti-rabbit IgG conjugated to horseradish peroxidase. Embryos were then washed five times in PBSMT for 1 h each time and rinsed in PBT (0.5% Triton X-100 and 2% bovine serum albumin (BSA) in PBS). Signal was visualized using SigmafasteDAB tablets (Sigma) according to manufacturers specifications, with addition of 0.5% NiCl to the staining solution.
Probe synthesis
A 0.8 kb BgIII-XbaI fragment from the 3 0 UTR of En-2 was subcloned into pBluescript(KS-) (Stratagene). Linearized probe template DNA was generated by digesting this construct with ClaI. Digoxygenin-labeled probe was generated from 1 mg template DNA with T7 RNA polymerase according to manufacturer's DIG RNA labeling kit protocol (Boehringer Mannheim).
Whole-mount in situ hybridiazation
Whole-mount in situ hybridization was performed as previously described (Hemmati-Brivanlou et al., 1990; Henrique et al., 1995) . Briefly, embryos were dissected in PBS and fixed overnight in 4% paraformaldehyde. Embryos were dehydrated through a methanol series and stored at 2208C. Embryos were rehydrated into PTW (1 £ PBS. 0.1% Tween-20) and bleached with 6% hydrogen peroxide in PTW. After washing, embryos were treated with 10 mg/ ml proteinase K in PTW according to stage (7.5 d.p.c. for 5 min up to 20 min for 10.5 d.p.c. and older). Embryos were rinsed and post-fixed and equilibrated into Hybridization Mix (50% formamide, 1.3 £ standard saline citrate (SSC), 5 mM ethylenediaminetetra-acetic acid (EDTA), 50 mg/ml yeast RNA, 0.2% Tween-20, 0.5% [(3-cholamidopropyl)-dimethyl-ammonio]1-propanesulfonate (CHAPS), 100 mg/ ml heparin) at 658C. Embryos were incubated with digoxygenin-labeled probe in Hybridization Mix overnight at 658C. After washing, embryos were blocked and incubated overnight at 48C with 1/2000 dilution of alkaline phosphatase-conjugated-anti-digoxygenin antibody (Boehringer Mannheim) in 2% Boehringer Blocking Reagent (Boehringer Mannheim), 20% heat inactivated sheep serum in MABT (100 mM Maleic acid (pH7.5), 150 mM NaCl, 0.1% Tween-20)]. Following washes in MABT and NTMT (500 mM NaCl, 100 mM Tris-HCl (pH9.5), 50 mM MgCl 2 , 1% Tween-20), color was developed using BM purple AP substrate (Boehringer Mannheim).
b -Galactosidase staining
Tissue was fixed in 2% formaldehyde and 0.2% glutaraldehyde in PBS. For older embryos and adult heads 0.02% NP-40 and 0.01% NaDC was included. The tissue was then rinsed in PBS and stained with 1 mg/ml X-gal (Sigma) in 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 in PBS at 378C for several hours to overnight. Detergents were included in the stain solution for older embryos and adult heads.
Arch explant cultures
Mandibular arches were removed from 10.5 or 11.5 d.p.c. embryos and cultured in 15% fetal calf serum (HyClone) in Dulbecco's modified Eagle's medium (DMEM) (BioWhittaker) with 1% penicillin and 1% streptomycin. For dispersed cultures, dissected first arches were dissociated to single cells by gentle pipetting using fire-polished pipets. Removal of the epithelium was achieved by gentle trypsinization in 1% trypsin (Difco) in Hank's balanced salt solution (GibcoBRL) for 10-15 min at 378C followed by gentle pipetting under a dissection microscope. Dispersed cultures were also reaggregrated either as hanging drops or and dense cultures and grown for up to 1 week.
Transgenic mice
The MC10 construct was obtained from A. Joyner, and its generation is described elsewhere (Logan et al., 1993) . Briefly, it contains a HindIII-EcoRI fragment of genomic DNA from the mouse En-2 genomic region subcloned 5 0 to the Escherichia coli lacZ gene with a minimal promoter (hsp70 promoter). The region containing the genomic sequences was released by digestion with KpnI and subcloned into pBluescript KS-(Stratagene) for the creation of deletion mutants. Fragments of the enhancer confirmed to have the desired deletions were subsequently subcloned back into MC10 digested with KpnI and purified from the original genomic sequences. The DStuI construct was generated by digestion with StuI and religation. Similarly, DStyI was generated by digestion with StyI and religation. DBK was made by digestion with BseRI and KpnI and subcloned back to the parent vector with phosphorylated linker oligonucleiotides (GibcoBRL): 5 0 -CTCGCGA-3 0 and 5 0 -GCGAGGTAC-3 0 . The Sty-frag construct was generated by polymerase chain reaction (PCR) amplification of the enhancer using primers: 5 0 -GGGGTACCGTC-GACGGGTTTCCAAGTCAGCC-3 0 and 5 0 -GGGGTAC-CCCCCTGGTTCCAAGGAAAGC-3 0 . The PCR product was then digested with KpnI and subcloned into the parent vector as with the other constructs and confirmed by sequencing. All of these constructs were released from vectors by digestion with appropriate enzymes as described above. DNA fragments were purified from agarose using QiaQuick spin columns (Qiagen) according to manufacturers specification, with the exception that elution was done with sterile injection buffer (10 mM Tris-HCl, pH 7.4, 0.1 mM EDTA). The DNA was then diluted in injection buffer to a concentration of 2.5 mg/ml. Pronuclear injections were carried out as described by Hogan et al. (1994) .
